1. Introduction {#s0005}
===============

Hypoxia is a hallmark of various pathophysiological conditions such as cancer, tissue ischemia, inflammation and tumor growth [@bib1]. Under hypoxia conditions, the expression of non-essential genes is downregulated to conserve cellular energy and only genes vital for cell survival are expressed [@bib2]. Hypoxia provides a selective pressure for the tumor cell survival leading to resistance towards anti-cancer drugs and metastasis [@bib3]. Hypoxia provides resistance against radiation and anti-cancer drugs through various mechanisms: (1) Reducing the cytotoxic activity of some drugs and radiation (2) Genetic instability leading to drug resistance (3) Altering cellular drug detoxification mechanisms [@bib4].

Hypoxia inducible factors are heterodimeric transcriptional factors consisting of an alpha subunit (HiFα) and a beta subunit (HiFß). Out of the three isoforms of HiFα (HiF1α, HiF2α and HiF3α), HiF1α is the primary transcription factor responsible for inducing genes that promote cell survival under hypoxia [@bib5]. HiF1ß (aryl hydrocarbon nuclear translocator, ARNT) is a constitutively expressed nuclear protein and its stability is independent of oxygen tension [@bib6]. Under normoxia conditions, HiF1α is targeted for degradation by a family of 2-oxoglutarate (2-OG)-dependent dioxygenases termed as Prolyl hydroxylase domain (PHD). Under hypoxia conditions, HiF1α accumulates in the nucleus and binds to HiFβ to form a heterodimer which binds to the HREs in target genes [@bib7]. HiF1α is essential for transcriptional regulation of genes responsible for angiogenesis, iron metabolism, glucose metabolism and cell proliferation/survival and overexpression of HiF1α increases metastasis in tumor cells [@bib2].

During metastasis, cancer cells undergo morphological and physiological changes to promote cell invasion. Actin cytoskeleton reorganization is essential for the cancer cells to acquire migratory and invasive properties [@bib8]. Actin and actin associated proteins are vital for the formation of migratory organelles such as filopodia, lamellipodia and invadopodia [@bib9]. N-WASP is critical for the formation of actin-rich structures such as filopodia, dorsal ruffles, lamellipodia and invadopodia [@bib10], [@bib11], [@bib12], [@bib13], [@bib14]. N-WASP belongs to the WASP/SCAR protein family, which activates the Arp2/3 complex and enhances actin polymerization [@bib15]. N-WASP expression is upregulated in hypoxia induced epithelial mesenchymal transition (EMT) and expression of N-WASP is essential for metastasis [@bib16], [@bib17]. N-WASP has also been shown to localize in the nucleus and regulate transcription [@bib18]. The importance of N-WASP in cancer cell invasion and migration can be attributed to its function in actin nucleation and extracellular matrix degradation [@bib19], [@bib20]. Expression of N-WASP is increased under hypoxia conditions [@bib16] but the exact mechanism of upregulation of N-WASP expression remains uncharacterized.

In the present study, we have identified two HREs in the N-WASP promoter with the consensus sequence 5′-GCGTG-3′ and used an N-WASP^Pro^-GFP reporter construct to show that HiF1α enhanced N-WASP promoter activity. Using site directed mutagenesis and ChIP, we have shown that the HRE1(-132) is essential for HiF1α mediated enhanced N-WASP promoter activity. Increased matrix degradation activity of breast cancer cells under DMOG treatment was abolished when N-WASP was knocked down or when N-WASP expression was under the regulation of N-WASP promoter with mutated HRE1 suggesting that the increased expression of N-WASP under hypoxic conditions is critical for matrix degradation and invasion.

2. Materials and methods {#s0010}
========================

2.1. Cell culture and treatments {#s0015}
--------------------------------

HEK293T, HeLa and MDA-MB-231 cell lines were maintained in DMEM (Thermo Scientific) supplemented with 10% FBS and 1% penicillin-streptomycin in a 5%CO~2~ environment. For growth under hypoxia conditions, cells were kept under 95% N~2~/5% CO~2~ in a Modular Incubator Chamber (Billups-Rothenberg) for 24 h. For hypoxia studies, DMOG (Enzo Life Sciences) and YC-1 (Enzo Life Sciences) were dissolved in DMSO and used at a final concentration of 1 mM and 60 μM respectively.

2.2. Generation of stable cells by lentiviral transduction {#s0020}
----------------------------------------------------------

N-WASP shRNA (NM_003941.2-1058s21c1) was cloned in pLJM1 plasmid (Addgene plasmid 19319). Four silent mutations were introduced into cDNA encoding Human N-WASP to render it resistant to N-WASP shRNA and cloned into pLJM1 to generate plasmid expressing N-WASP^R^ construct. Wild type N-WASP promoter 1624 bp (N-WASP^pro^) and HRE1 mutant N-WASP promoter 1624 bp (N-WASP^proHRE1^) were cloned upstream of N-WASP^R^ in pLJM1 plasmid to generate N-WASP^pro^-N-WASP^R^ and N-WASP^proHRE1^-N-WASP^R^ respectively. Lentivirus particles were generated using third-generation packaging constructs as described in [@bib21]. Viral supernatant was used to transduce cells using polybrene followed by puromycin selection.

2.3. Plasmid constructs, transient transfection and GFP reporter assay {#s0025}
----------------------------------------------------------------------

N-WASP promoter constructs were generated by PCR using the primers mentioned in [Table S1](#s0120){ref-type="sec"} and cloned in pcDNA3.1HisC expression plasmid. HiF1α expression plasmid, pHIF1A-IRES-RFP was generated by cloning *HIF1A* gene upstream of an IRES element and *RFP* gene and control plasmid consisted of *HIF1A* gene with a STOP instead of the WT *HIF1A*. HEK293T cells were seeded in a 6-well plate and transfected with 4 µg of plasmid DNA using PEI when the cells reached 60--80% confluency. For co-transfection experiments, cells were co-transfected with equal amount of GFP (2 μg) plasmid and RFP plasmid (2 μg) for GFP/RFP normalization. For measuring fluorescent intensity, cells were lysed 36 h after using 350 μl of lysis buffer (20 mM Tris-HCl, 1% Triton X-100, 0.03% SDS, pH 7.4) and incubated on a shaker for 10 min in dark at room temperature. The lysate was centrifuged at 14,100*g* for 5 min to remove the cell debris. The supernatant was divided in three wells of a 96-well plate. The fluorescence intensity was measured using Tecan plate reader (GFP: Excitation-480 nm, Emission-530 nm and RFP: Excitation-550 nm, Emission 630 nm).

2.4. Real-time PCR {#s0030}
------------------

Total RNA was extracted from HeLa cells using Trizol (Invitrogen, Carlsbad, CA) and converted to cDNA using M-MLV Reverse transcriptase (Promega). Real-time PCR amplifications were carried out using SYBR Green reagent (Invitrogen) in triplicates using primers listed in [Table S2](#s0120){ref-type="sec"}. The RT-PCR was performed on 7500 Real-Time PCR system (Applied Biosystems) using the comparative C~T~ method and the relative quantification of N-WASP expression was calculated [@bib22].

2.5. Immunoblotting {#s0035}
-------------------

Cell lysates were prepared, resolved by SDS-PAGE and transferred onto nitrocellulose membrane [@bib16]. The membrane was probed with appropriate primary antibody and secondary antibody conjugated with horse radish peroxidase (HRP). Primary antibodies used: Anti-HiF1α (BD Transduction Laboratories (610958)), Anti-N-WASP (in-house), Anti-GAPDH (Ambion (AM4300)). All the experiments were carried out in triplicate and densitometry was performed with ImageJ analysis software (NIH) [@bib23]. Sample intensity was normalized to GAPDH intensity.

2.6. Immunofluorescence {#s0040}
-----------------------

Cells grown on coverslips were fixed, permeabilized and blocked as described [@bib16]. The cells were incubated with appropriate primary antibodies (1:50) in blocking solution and incubated for 1 h. The cells were washed with PBS and incubated with fluorescent labelled secondary antibody for 1 h. The cells were washed with PBS and stained with Alexa594-conjugated phalloidin (Molecular probe (A12381)) to stain for actin. DAPI was used to stain the nuclei. Fluorescent images were captured with an inverted fluorescence microscope (Olympus IX51) fitted with Photometrics Cool Snap HQ2 camera.

2.7. Chromatin immunoprecipitation assay {#s0045}
----------------------------------------

HeLa cells were cultured in either normoxic or hypoxia-mimicking conditions (DMOG treatment) for 6 h. ChIP assay was performed as described [@bib24]. Briefly, cells were fixed with 1% formaldehyde, quenched with 0.125 mM glycine, scraped in cold PBS and lysed in RIPA lysis buffer. The cross-linked chromatin suspension was sonicated to generate 0.5--0.8 kb fragments and diluted with IP dilution buffer. Supernatants were then incubated with 1 μg anti-HiF1α antibody or mouse IgG (Santa Cruz) at 4 °C for 4 h. DNA-protein-antibody complexes were pulled down using protein A/G beads. The beads were washed with low salt buffer, high salt buffer and LiCl wash buffer followed by two washes with TE buffer. Bound chromatin was eluted using 300 μl of elution buffer. DNA-protein cross-linking was reversed using 200 mM NaCl followed by RNase/proteinase K treatment. DNA was recovered by using phenol/chloroform/isoamyl alcohol extraction and subjected to PCR analysis by primers mentioned in [Table S3](#s0120){ref-type="sec"}.

2.8. Gelatin degradation assay {#s0050}
------------------------------

Coverslips coated with Oregon Green 488-conjugated fluorescent gelatin (Molecular Probes) were prepared as described [@bib25]. Gelatin-coated coverslips were incubated with complete media for 1 h at 37 °C before plating cells. Cells (4×10^4^/ml) were seeded on coated coverslips, incubated for 6 h with 1 mM DMOG at 37 °C and subsequently actin cytoskeleton was visualized vy staining with Alexa594-conjugated phalloidin. Invadopodia were identified by areas of matrix degradation characterized by loss of green fluorescence and showing co-localization with red actin spots. Invasion was quantified by calculating percentage of cells degrading gelatin. 30 cells were counted for each triplicate sample and the graph represents data of three independent experiments.

2.9. Bioinformatic analysis {#s0055}
---------------------------

HRE elements in selected DNA region were identified with MatInspector software \[<http://www.genomatix.de/solutions/genomatix-software-suite.html>\] [@bib26].

2.10. Statistical analysis {#s0060}
--------------------------

Statistical significance analysis was performed using Student\'s *t*-test and p≤0.05 was considered statistically significant. Values presented in bar charts represent mean±S.D of at least three independent experiments.

3. Results {#s0065}
==========

3.1. Expression of N-WASP is upregulated under hypoxic conditions and in the presence of hypoxia mimicking agent DMOG {#s0070}
---------------------------------------------------------------------------------------------------------------------

Expression of N-WASP has been shown to be increased under hypoxic conditions in A431 cells [@bib16]. We tested whether expression of N-WASP is also upregulated in HeLa cells by incubating HeLa cells in a hypoxia chamber. Since HiF1α is degraded in presence of oxygen, the cells from the hypoxia chamber were lysed immediately using 2X SDS sample buffer. Western blot analysis showed that the expression of HiF1α was markedly increased in HeLa cells under hypoxia condition ([Fig. 1](#f0005){ref-type="fig"}A and B). Similarly, expression of N-WASP was found to be significantly upregulated in hypoxia treated A431 cells compared to normoxia cells ([Fig. 1](#f0005){ref-type="fig"}A and B).Fig. 1Expression of N-WASP is enhanced under hypoxic conditions. (A) Lysates from HeLa and A431 cells grown under hypoxia conditions for 24 h at 37 °C were analyzed by immunoblotting to check the expression of HiF1α and N-WASP. GAPDH was used as a loading control (B) Densitometric analysis of N-WASP/GAPDH protein ratio in HeLa and A431 cells grown under hypoxia conditions for 24 h (C) HeLa cells grown in the presence or absence of 1 mM DMOG were immunostained to visualize HiF1α localization. (D) Real-time PCR analysis of N-WASP mRNA levels in cell grown in the presence or absence of 1 mM DMOG (E) Western blot analysis of N-WASP and HiF1α expression in presence of DMSO, DMOG and DMOG+YC-1 (F) Densitometric analysis of N-WASP/GAPDH protein ratio in cells grown in the presence of DMOG or DMOG+YC-1. *\* p*\<0.05; \*\*\**p\<*0.001.Fig. 1

Di-methyl-oxaloyl-glycine (DMOG) is a cell-permeable pan hydroxylase inhibitor which is commonly used to mimic hypoxia-mediated stabilization of HiF1α [@bib27]. In presence of DMOG, HeLa cells showed increased expression of HiF1α within 6 h and the expression of HiF1α remained stable for 24 h with no visible cellular toxicity to DMOG. Exposure of HeLa cells to 1 mM DMOG for 6 h caused the nuclear localization of HiF1α ([Fig. 1](#f0005){ref-type="fig"}C). In order to verify if increased N-WASP expression was due to increased transcription, total RNA from DMOG treated cells was used to analyze expression of N-WASP by Real Time PCR. DMOG treated cells showed increased N-WASP mRNA levels ([Fig. 1](#f0005){ref-type="fig"}D). Similarly HeLa cells treated with DMOG showed significant increase in expression of HiF1α as compared to the control DMSO treated cells ([Fig. 1](#f0005){ref-type="fig"}E). Thus the increased expression of N-WASP in DMOG treated cells was consistent with the observations using the hypoxia chamber and is due to increased transcription ([Fig. 1](#f0005){ref-type="fig"}D). To confirm that the increased expression of N-WASP in presence of DMOG is due to HiF1α, HiF1α inhibitor YC-1 was used. YC-1 downregulates HiF1α post-translationally by functional inactivating HiF1α [@bib28]. As shown in [Fig. 1](#f0005){ref-type="fig"}E-F, YC-1 blocked upregulation of N-WASP expression despite the presence of DMOG suggesting that hypoxia-induced N-WASP expression is due to HiF1α.

3.2. N-WASP promoter activity is enhanced in the presence of HiF1α {#s0075}
------------------------------------------------------------------

Expression of HiF1α and DNA-binding activity of HiF1α has been shown to increase exponentially with decreasing oxygen tension in HeLa cells [@bib29]. In order to delineate the DNA elements in N-WASP which are responsible for HiF1α regulated expression, we generated a series of deletion fragments of N-WASP promoter and cloned the fragments upstream of *GFP* gene in an expression vector ([Fig. 2](#f0010){ref-type="fig"}A). We transfected pN-WASP^pro^1624-GFP together with plasmid expressing HiF1α-IRES-RFP into HEK293T cells and quantified the GFP and RFP fluorescence using a plate reader. Control plasmid consists of HiF1α with a STOP codon, thus does not express HiF1α which was confirmed by western blot analysis (data not shown). GFP/RFP normalization was performed to normalise transfection efficiency of the different constructs. We found that expression of GFP from N-WASP^pro^1624-GFP was enhanced in the presence of HiF1α ([Fig. 2](#f0010){ref-type="fig"}B) suggesting that HiF1α regulates the activity of N-WASP promoter. We subsequently tested all the five constructs and found that expression of HiF1α enhanced N-WASP promoter activity and the results suggest that enhanced expression of N-WASP under hypoxia condition may be due to activation of N-WASP promoter by HiF1α. The results also suggest that at least 1 functional HRE is found in the smallest N-WASP promoter fragment, N-WASP^pro^617.Fig. 2Increased N-WASP expression in hypoxia is dependent on HiF1α. (A) N-WASP promoter deletion constructs as indicated were generated and cloned upstream of a *GFP* gene. (B) HEK293T cells were co-transfected with 2 µg of N-WASP^pro^-GFP constructs expressing GFP and 2 µg of HiF1α-IRES-RFP or HiF1α-STOP-IRES-RFP constructs expressing RFP. GFP and RFP fluorescence intensity was quantified as described in Materials and Methods and GFP/RFP values were plotted (N=3). \*\*\**p\<*0.001.Fig. 2

3.3. Identification of two putative HREs in N-WASP promoter {#s0080}
-----------------------------------------------------------

HiF1α binds to the consensus HRE sequence present in the promoter of target genes and enhances the target gene expression [@bib30]. Bioinformatic analysis of the sequence upstream of the *WASL* gene revealed the presence of two putative HREs that resembled the canonical A/G/CGTG sequence ([Fig. 3](#f0015){ref-type="fig"}A). The first potential HiF1α binding site, HRE1 was at position -132 (in the N-WASP^pro^-617) and the second site, HRE2 at position -662 relative to the TSS. In order to determine the functionality of HRE1 and HRE2 in the N-WASP promoter, we generated site directed mutants of N-WASP promoter with mutations in either of the HREs or both the HREs via overlap extension PCR. The consensus HRE sequence was mutated from 5′-GCGTG-3′ to 5′-GAAAG-3′. HeLa cells were transiently co-transfected with the N-WASP promoter constructs and HiF1α expression plasmid and relative fluorescence intensity was measured ([Fig. 3](#f0015){ref-type="fig"}B). Wild Type N-WASP promoter activity was enhanced in the presence of HiF1α ([Fig. 3](#f0015){ref-type="fig"}B). The activity of N-WASP promoter with HRE1(-132) mutated was significantly decreased in the presence of HiF1α whereas, the activity of N-WASP promoter with HRE2(-662) mutated remained unchanged. N-WASP promoter with both HREs mutated (double mutant HRE) showed a decreased activity in presence of HiF1α similar to N-WASP promoter with HRE1(-132) mutated. Similar results were observed in HEK293T cells ([Fig. 3](#f0015){ref-type="fig"}C) indicating that though there are 2 HREs, only HRE1(-132) is functional and binds to HiF1α and mutating the consensus sequence abolished the binding site for HiF1α resulting in decreased promoter activity.Fig. 3Presence of hypoxia response elements in N-WASP promoter. (A) Schematic diagram of Human N-WASP promoter region encompassing \~1295 bp upstream of the start codon showing presence of two HRE elements i.e. HRE1(-132) and HRE2(-662). (B) N-WASP promoter constructs (WT, HRE1 mutant, HRE2 mutant or HRE1 & HRE2 double mutant) were transfected together with HiF1α into HeLa (B) or HEK293T cells (C). GFP and RFP fluorescence intensity was quantified as described in Materials and Methods and GFP/RFP were plotted (N=3). \*\**p\<*0.01; \*\*\**p\<*0.001.Fig. 3

3.4. HiF1α binds to HRE1(-132) in N-WASP promoter {#s0085}
-------------------------------------------------

The site directed mutational analysis indicates that mutating HRE1(-132) significantly reduced HiF1α induced N-WASP promoter activity in HeLa and HEK293T cells ([Fig. 3](#f0015){ref-type="fig"}). In order to ascertain that HRE1(-132) is responsible for hypoxia induced increased N-WASP expression, we tested the effect of mutating N-WASP promoter HREs in the presence of DMOG. Hence, HeLa cells were transiently co-transfected with the N-WASP promoter constructs (wild type and HRE mutants) and were treated with 1 mM DMOG for 6 h. Treatment with DMOG enhanced the activity of wild type promoter but not the activity of HRE1(-132) mutant ([Fig. 4](#f0020){ref-type="fig"}A). The activities of HRE2(-662) mutant remained unchanged with/without DMOG. This suggests that HRE1(-132) may be the only functional binding site of HiF1α in N-WASP promoter, whereas HRE2(-662) may not be involved in hypoxia-mediated upregulation of N-WASP promoter activity.Fig. 4HiF1α interacts with HRE1(-132) of the N-WASP promoter. (A) HeLa cells were transfected with wild type N-WASP promoter or N-WASP promoter with mutations in HREs. Cells were incubated with/without 1 mM DMOG for 6 h and the fluorescence intensity was quantified, normalized and plotted (B) ChIP assay was performed using HeLa cells with/without DMOG treatment using anti-HiF1α , IgG and No antibody. Crosslinked chromatin was used as the input. PCR primers flanking HRE1(-132) and HRE2(-662) in N-WASP promoter were used for PCR amplification. \*\**p\<*0.01; \*\*\**p\<*0.001.Fig. 4

ChIP assay was performed to check for an *in vivo* binding of HiF1α to the HREs in N-WASP promoter. HeLa cells were grown to 80% confluency and cultured for 6 h with/without DMOG. Chromatin was crosslinked and ChIP assay was performed as described in Materials and Methods. DNA fragments brought down by HiF1α were used to amplify either the region flanking HRE1(-132) or HRE2(-662) in N-WASP promoter. Negative control reaction was set up using a primer flanking a region in exon 1 of N-WASP. PCR amplification was observed for region containing HRE1(-132) in DMOG-treated cells immunoprecipitated with HiF1α antibody and input ([Fig. 4](#f0020){ref-type="fig"}B). In contrast, there was no significant PCR amplification of region flanking HRE2(-662) in the N-WASP promoter. No significant PCR amplification was observed for mouse IgG as well as no-antibody control indicating the specificity of the interaction between HiF1α and HRE1(-132). These findings confirm that HiF1α specifically binds to the HRE1(-132) in the N-WASP promoter under hypoxia conditions.

3.5. N-WASP is important for hypoxia-induced invadopodia formation {#s0090}
------------------------------------------------------------------

Hypoxia leads to upregulation of HiF1α which has been linked to increased metastatic potential [@bib31]. HiF1α has been shown to be necessary for hypoxia induced invadopodia formation [@bib32] and N-WASP is important for invadopodia formation and activity [@bib11]. Hence, we assessed the role of increased N-WASP expression during hypoxia in invadopodia formation by performing gelatin degradation assay in HeLa cells. However, no gelatin degradation was observed for HeLa cells (data not shown) probably due to low ECM degradative capacity of HeLa cells. MDA-MB-231 cell line is an invasive breast carcinoma cell line expressing high levels of MMPs and hence used extensively to study invadopodia activity in the gelatin degradation assay [@bib33]. Expression of N-WASP was found to be significantly upregulated in DMOG treated MDA-MB-231 cells compared to DMSO treated cells ([Fig. 5](#f0025){ref-type="fig"}A and B). In order to determine the role of N-WASP in invadopodia during hypoxia, we generated N-WASP knockdown stable cells (MDA-MB-231^KD^) and control cells with empty pLJM1 plasmid (MDA-MB-231^Vect^) by lentiviral transduction. Knockdown cells with N-WASP reconstitution were referred to as MDA-MB-231^KD+N-WASPR^ and knockdown cells with empty pLJM1 plasmid were referred to as MDA-MB-231^KD+Vect^ ([Fig. 5](#f0025){ref-type="fig"}C and D).Fig. 5N-WASP is critical for hypoxia induced invadopodia formation. (A) Western blot analysis of N-WASP and HiF1α expression in MDA-MB-231 cells grown in presence of DMOG for 6 h (B) Densitometric analysis of N-WASP/GAPDH protein ratio in MDA-MB-231 cells treated with DMOG (C) Western blot analysis of N-WASP expression in control cells (MDA-MB-231^Vect^), N-WASP knockdown cells reconstituted with N-WASP^R^ (MDA-MB-231^KD^+N-WASP^R^) and N-WASP knockdown cells with Vector (MDA-MB-231^KD^+Vect) (D) Densitometric analysis of N-WASP/GAPDH protein ratio of western blot in panel C. (E) Cells (MDA-MB-231^Vect^, MDA-MB-231^KD^+Vect and MDA-MB-231^KD^+N-WASP^R^) were seeded on fluorescent gelatin coated coverslips and treated with 1 mM DMOG for 6 h, fixed and immunostained. Degraded areas of fluorescent gelatin along with staining for F-actin (red) indicate presence of invadopodia. Images were taken using 40X oil objective lens. Presence of actin dots (red) with underlying degraded gelatin (black areas) was used to identify degradation areas (red dots on gelatin degraded areas). Arrows indicate areas of gelatin degradation (F) Percentage of cells (Panel E) with invadopodia was counted for DMSO and DMOG treated cells and 30 cells were analyzed for each triplicate sample (N=3) \**p\<*0.05; \*\**p\<*0.01; \*\*\**p\<*0.001.Fig. 5

MDA-MB-231 cells (Control, KD+Vect and KD+N-WASP^R^), on gelatin matrix were subjected to DMOG treatment and the actin cytoskeleton was visualized with fluorescent labelled phalloidin. Treatment of control cells with DMOG increased the number of invadopodia as can be seen by enhanced degradation of gelatin (indicated by arrows) while MDA-MB-231^KD^ cells had reduced percentage of cells forming invadopodia ([Fig. 5](#f0025){ref-type="fig"}E). Interestingly, DMOG treatment did not increase the number of invadopodia forming cells in MDA-MB-231^KD^ cells as the number of cells with/without DMOG was similar. Reconstitution of N-WASP in knockdown cells rescued the gelatin degradation capacity of MDA-MB-231^KD^ cells which was further enhanced in presence of DMOG ([Fig. 5](#f0025){ref-type="fig"}E and F). This suggests that N-WASP plays a vital role in hypoxia induced invadopodia formation.

In order to check if HRE1 in N-WASP promoter is critical for N-WASP expression in hypoxia-induced invadopodia activity, we generated two constructs in which the expression of shRNA resistant N-WASP was under the transcription regulation of WT N-WASP promoter of 1624 bp, N-WASP^pro^-N-WASP^R^, or N-WASP promoter of 1624 bp with HRE1 site mutated, N-WASP^proHRE1^-N-WASP^R^. These two constructs were used to generate lentivirus and infect N-WASP knockdown stable cells to generate MDA-MB-231^KD^(N-WASP^pro^-N-WASP^R^) and MDA-MB-231^KD^(N-WASP^proHRE1^-N-WASP^R^) and the expression was analyzed by immunoblotting ([Fig. 6](#f0030){ref-type="fig"}A and B). Induction with DMOG was found to enhance N-WASP expression in cells expressing N-WASP^R^ under the regulation of WT N-WASP^pro^, but not in cells expressing N-WASP^R^ under the regulation of N-WASP^proHRE1^ ([Fig. 6](#f0030){ref-type="fig"}C and D). This suggests that mutating HRE1 abolished DMOG induced upregulation of N-WASP expression. Treatment of MDA-MB-231^KD^(N-WASP^pro^-N-WASP^R^) cells with DMOG caused a small but significant increase in percentage of cells forming invadopodia as can be seen by enhanced degradation of gelatin (indicated by arrows) ([Fig. 6](#f0030){ref-type="fig"}E and F). DMOG treatment did not increase the number of invadopodia forming cells in MDA-MB-231^KD^(N-WASP^proHRE1^-N-WASP^R^) cells as the number of cells with/without DMOG was similar. Thus the HRE1 site in N-WASP promoter is critical for increased expression of N-WASP and activity during hypoxia induced invasion.Fig. 6HRE1 in N-WASP promoter is critical for N-WASP expression and invadopodium-mediated invasion in MDA-MB-231 cells under hypoxic condition. (A) Western blot analysis of N-WASP expression in MDA-MB-231^Vect^ (Control), MDA-MB-231^KD^(N-WASP^pro^-N-WASP^R^), MDA-MB-231^KD^(N-WASP^proHRE1^-N-WASP^R^), MDA-MB-231^KD^(Vect) cells (B) Densitometric analysis of N-WASP/GAPDH protein ratio in the cells in panel A (C) Western blot analysis of N-WASP expression in MDA-MB-231^KD^(N-WASP^pro^-N-WASP^R^), MDA-MB-231^KD^(N-WASP^proHRE1^-N-WASP^R^) and MDA-MB-231^Vect^ (Control) cells in the presence of 1 mM DMOG (6 h) (D) Densitometric analysis of N-WASP/GAPDH protein ratio in panel C (E) Cells (MDA-MB-231^KD^ with N-WASP^pro^-N-WASP^R^ or N-WASP^proHRE1^-N-WASP^R^) were seeded on fluorescent gelatin coated coverslips and treated with 1 mM DMOG for 6 h, fixed and immunostained. Degraded areas of fluorescent gelatin along with staining for F-actin (red) indicate presence of invadopodia. Images were taken using 40× oil objective lens. Presence of actin dots (red) with underlying degraded gelatin (black areas) was used to identify degradation areas (red dots on gelatin degraded areas). Arrows indicate areas of gelatin degradation (F) Percentage of cells from panel E, with invadopodia was counted for DMSO and DMOG treated cells and 30 cells were analyzed for each triplicate sample (N=3) \*\**p\<*0.01; \*\*\**p\<*0.001.Fig. 6

4. Discussion {#s0095}
=============

Hypoxia causes tumor cells to undergo molecular changes by activating signaling pathways critical for adapting to an oxygen deprived environment leading to enhanced cell invasion and migration [@bib34]. Members of the WASP family of proteins are critical for actin polymerization which is essential for cell motility and invasion [@bib35]. N-WASP regulates actin cytoskeleton by activating the Arp2/3 complex [@bib36]. A number of studies have demonstrated the importance of N-WASP in cancer cell motility and cell adhesion [@bib17], [@bib19], [@bib37], [@bib38]. Expression of N-WASP is upregulated during hypoxia induced EMT suggesting that N-WASP may play a role in actin remodeling events during metastasis [@bib16], [@bib39]. N-WASP is also responsible for recruiting MT1-MMP from the late endosomes into invasive pseudopods during metastasis [@bib19].

We find that expression of N-WASP was enhanced under hypoxia conditions in HeLa cells similar to A431 cells [@bib16]. Hypoxia conditions were mimicked by using 1 mM DMOG, which stabilizes HiF1α expression under normoxia conditions and N-WASP promoter activity was found to be enhanced in presence of DMOG ([Fig. 2](#f0010){ref-type="fig"}B). The enhancement of N-WASP expression by DMOG was reduced by YC-1, an inhibitor of HiF1α ([Fig. 1](#f0005){ref-type="fig"}E). DMOG does not affect the levels of HiF2α and induces invadopodia specifically via HiF1α [@bib32]. Expression of N-WASP was enhanced at protein as well as mRNA level under hypoxic conditions ([Fig. 1](#f0005){ref-type="fig"}A--D). Transfection of N-WASP^pro^-GFP construct with HiF1α expression plasmid enhanced N-WASP promoter activity ([Fig. 2](#f0010){ref-type="fig"}B) confirming the role of HiF1α in regulating N-WASP expression under hypoxic conditions. Hence, N-WASP promoter was analyzed by Bioinformatics which identified two putative HREs (5′-GCGTG-3′) at position -132 and -662 relative to the TSS. Functional analysis of site-directed mutants showed that HRE1(-132) is functional as mutating HRE1(-132) caused a decrease in HiF1α enhancement of N-WASP promoter activity. Mutating HRE2 did not affect the N-WASP promoter activity suggesting that HRE2(-662) may not be functional even though it has the consensus HRE sequence. ChIP assay confirmed HRE1(-132) as the binding site for HiF1α ([Fig. 4](#f0020){ref-type="fig"}B) which is responsible for hypoxia-induced activation of N-WASP promoter. Thus, our results show that N-WASP expression is enhanced under hypoxia conditions due to the direct binding of HiF1α to the HRE1(-132) in the N-WASP promoter.

A number of genes which are important for cancer invasion are regulated by HiF1α [@bib32], [@bib40]. Studies in MDA-MB231 cells have shown that overexpression of HiF1α increases invadopodia formation and enhanced matrix degradative capacity compared to control (normoxia) cells. N-WASP is vital for invadopodia function and hypoxia environment induces formation of invadopodia [@bib11], [@bib41]. Also, HiF1α regulates expression of N-WASP in hypoxia conditions which suggests a role of N-WASP in hypoxia-induced invadopodia formation. It is possible that HiF1α may induce invadopodia formation through multiple cytoskeletal pathways. Studies in human glioblastoma cell lines have identified c-Src and N-WASP as the key mediators for enhanced cell motility under low oxygen conditions suggesting a crucial role in mediating the molecular pathogenesis of hypoxia induced-enhanced brain invasion by gliomas [@bib42]. Another WASP family member WAVE3 was shown to be critical for hypoxia mediated invasion and its promoter contains 2 functional HREs which bind to HiF1α under hypoxia condition. WAVE2 promoter did not contain any HRE sequence, whereas WAVE1 promoter contains one HRE sequence at \~1200 bp upstream of transcription initiation site [@bib43]. Similarly, other actin cytoskeleton regulators such as Cdc42, Arp2, β-PIX have been shown to be upregulated in DMOG-treated MDA-MB-231 cells using PCR array. β-PIX promoter sequence consists of two putative HREs and β-PIX is essential for invadopodia formation under hypoxia conditions [@bib32]. Sequence analysis of \~1200 bp upstream of transcription initiation site for Cdc42 and Arp2 genomic sequence showed presence of 2 HRE sequences for Cdc42 and none for Arp2. Whether the HRE sequences in WAVE1, Cdc42 and β-PIX promoter binds directly to HiF1α remains to be investigated.

The increased levels of N-WASP in hypoxia, along with the requirement of N-WASP for invadopodia activity indicated that N-WASP may be regulating hypoxia-induced invadopodia formation. MDA-MB-231^KD^ cells were generated and a gelatin degradation assay was performed using MDA-MB-231^Vect^ and MDA-MB-231^KD^ cells. It was found that DMOG treatment enhanced the gelatin degradative capacity of MDA-MB-231 cells which was consistent with previous reports [@bib32]. Knockdown of N-WASP significantly reduced the number of cells forming invadopodia under hypoxic conditions ([Fig. 5](#f0025){ref-type="fig"}E) and reconstitution of N-WASP in knockdown cells restored the number of invadopodia forming cells similar to control cells ([Fig. 5](#f0025){ref-type="fig"}E and F). N-WASP knockdown cells expressing N-WASP under the transcriptional regulation of wild type N-WASP promoter showed enhanced N-WASP expression and enhanced gelatin degradation in presence of DMOG. However, knockdown cells expressing N-WASP under the transcriptional regulation of HRE1 mutant N-WASP promoter did not show any significant change in N-WASP expression as well as gelatin degradation in presence of DMOG ([Fig. 6](#f0030){ref-type="fig"}E and F). This validated our hypothesis that HRE1 in N-WASP promoter is critical in promoting invasion under hypoxia conditions by regulating the formation of invadopodia.

In summary we have shown that N-WASP promoter, a DNA fragment of 1624 bp is sufficient to recapitulate hypoxia responsive activity. Our data shows that the expression of N-WASP is enhanced under hypoxic conditions by binding of HiF1α to the HRE1(-132) in N-WASP promoter, which regulates hypoxic induction of N-WASP expression. Site-directed mutagenesis and ChIP assay helped to understand the mechanism of regulation of N-WASP by HiF1α. Enhanced N-WASP under hypoxia conditions was found to be important for invadopodia activity. Thus, our findings demonstrate the role of HiF1α in regulating N-WASP expression and tumor invasion.
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